Background: Epidermal growth factor receptor (EGFR) is overexpressed in a significant proportion of esophageal and gastric carcinomas. Although previous studies have examined tyrosine kinase inhibitors of EGFR, there remains limited data regarding the role of EGFR-directed monoclonal antibody therapy in these malignancies. We carried out a multi-institutional phase II study of cetuximab, a monoclonal antibody against EGFR, in patients with unresectable or metastatic esophageal or gastric adenocarcinoma.
introduction
Gastric and esophageal cancers are among the most common cancers and leading causes of cancer-related death worldwide [1] . Over the past three decades in the United States, there has been an increase in the incidence of adenocarcinoma of the lower third of the esophagus and a decline in the incidence of squamous cell carcinoma of the esophagus. Additionally, there has been a shift in the incidence of gastric adenocarcinoma from distal to more proximal regions of the stomach and gastroesophageal (GE) junction [2] . The natural history, response to therapy, and overall prognosis of distal esophageal and proximal gastric cancers appear to be similar [3] . Given these similarities, treatments for advanced esophageal and gastric cancers have converged, and many clinical trials for patients with advanced esophagogastric cancer have included patients with carcinoma of the esophagus, GE junction, and stomach [4, 5] .
Response rates to single-agent chemotherapy for advanced esophageal and gastric cancers range from 10% to 20% [6] . There remains no globally accepted standard regimen for firstline treatment of advanced esophagogastric cancer. Combination regimens containing two or three agents are associated with higher response rates and longer survival. In a recent phase III study of patients with advanced esophageal or gastric cancer randomized to receive triplet therapy with epirubicin and cisplatin plus either fluorouracil or capecitabine or triplet therapy with epirubicin and oxaliplatin plus either fluorouracil or capecitabine, progression-free survival (PFS) and response rates did not differ significantly among the regimens. [4] Similarly, in a phase III study of patients with advanced gastric cancer, there was no significant difference in PFS among patients treated with cisplatin plus capecitabine or cisplatin plus fluorouracil [7] . Although doublet and triplet regimens are associated with improved outcome, they typically are associated with significant toxicity, and median survival remains poor. Furthermore, there is no established second-line therapy for patients with advanced esophagogastric cancer.
There remains a great need for novel therapeutic agents and treatment strategies for advanced esophagogastric cancer. The epidermal growth factor receptor (EGFR) is a member of the ErbB receptor tyrosine kinase family and plays an important role in cell cycle progression, angiogenesis, metastasis, and protection from apoptosis [8] . Preclinical and clinical studies have demonstrated increased EGFR expression in both esophageal and gastric carcinomas. Overexpression of EGFR has been associated with poor clinical outcomes in patients with esophageal and gastric adenocarcinomas [9] [10] [11] . Modest activity has been observed when the small-molecule tyrosine kinase inhibitors (TKIs) of EGFR, erlotinib and gefitinib, have been studied in patients with advanced esophageal and gastric cancers [12] [13] [14] [15] . Additionally, inactivation of EGFR through use of a monoclonal antibody in preclinical models has resulted in inhibition of tumor growth [16, 17] . Several phase II trials have examined the activity of cetuximab, a monoclonal antibody to EGFR, in combination with cytotoxic chemotherapy in patients with advanced gastric or GE junction cancer [18] [19] [20] [21] . However, there remains limited data regarding the role of cetuximab as a single agent in this disease. To evaluate whether inhibition of EGFR through use of a monoclonal antibody is safe and effective in patients with esophagogastric cancer, we initiated a multi-institutional phase II study of cetuximab in patients with advanced esophageal or gastric adenocarcinoma who had experienced treatment failure after one to two prior chemotherapy regimens.
patients and methods

patient population
The study population consisted of patients with histologically confirmed unresectable or metastatic esophageal or gastric adenocarcinoma who had experienced treatment failure with one to two prior chemotherapy regimens. Tumors with squamous cell differentiation, including those with a mixture of squamous and adenomatous differentiation, were excluded. Tumor expression of EGFR was not required. Participating centers included Beth Israel Deaconess Medical Center, Brigham and Women's Hospital, Dana-Farber Cancer Institute, and Massachusetts General Hospital (all in Boston, MA).
Patients were further required to have measurable disease (by RECIST), Eastern Cooperative Oncology Group (ECOG) performance status of two or better, life expectancy of at least 12 weeks, adequate renal function (serum creatinine £1.5 mg/dl), adequate hepatic function (serum bilirubin £2.0 mg/dl; aspartate aminotransferase/alanine aminotransferase £2.5 times upper limit of normal (ULN), or £5 times ULN if there was evidence of liver metastases), and adequate bone marrow function (absolute neutrophil count ‡1000 ll; platelets ‡75 000 ll). If the marker lesion was previously irradiated, evidence of progression after radiation was required. Patients were excluded if they had another malignancy (other than nonmelanoma skin cancer or in situ cervical carcinoma), uncontrolled central nervous system metastases or carcinomatous meningitis, uncontrolled concomitant medical illnesses (e.g. uncontrolled hypertension, unstable angina, congestive heart failure, myocardial infarction <6 months before registration, serious uncontrolled cardiac arrhythmia), or any of the following within 2 weeks of enrollment: major or minor surgery, radiotherapy, or systemic anticancer treatment. Patients may not have received prior cetuximab or other therapy targeting the EGFR pathway and must not have experienced a prior severe infusion reaction to a monoclonal antibody. Patients who were pregnant or lactating were excluded from study entry. All patients provided signed informed consent as required by the institutional review boards of their respective institutions.
treatment program
Cetuximab was administered on an outpatient basis. Patients received cetuximab at an initial dose of 400 mg/m 2 administered i.v. over 120 min, followed by weekly infusions at 250 mg/m 2 administered i.v. over 60 min.
Four weeks of therapy was considered to be one cycle of treatment. All patients were premedicated with diphenhydramine hydrochloride 50 mg (or an equivalent antihistamine) by i.v. given 30-60 min before the first dose of cetuximab. Premedication was administered before subsequent doses, but at the investigator's discretion, the dose of diphenhydramine (or a similar agent) could be reduced. Toxicity was graded using the NCI Common Terminology Criteria for Adverse Events (CTCAE) version 3. Grade 3 or 4 hypersensitivity reactions required cetuximab discontinuation; for grade 1 or 2 hypersensitivity reactions, the infusion was slowed to one half of the initial rate. If a patient experienced grade 3 skin toxicity, the next dose of cetuximab was delayed for up to 2 consecutive weeks with no change in dose level. If the skin toxicity resolved to grade 2 or less within 2 weeks, treatment resumed. Dose reduction of cetuximab was required for a second or third occurrence of grade 3 skin toxicity. Other toxic effects warranting cetuximab dose reduction included grade 3 or 4 neutropenia, thrombocytopenia, neutropenic fever, diarrhea, nausea, or vomiting. On-study evaluations included toxicity assessments and measurement of peripheral blood counts and a full chemistry panel every other week. Patients were evaluated with computed tomography every 8 weeks; response and progression were evaluated using RECIST by independent radiological review.
statistical methods
The primary objective of this study was to determine the response rate of cetuximab in patients with previously treated unresectable or metastatic gastric or esophageal adenocarcinoma. Secondary objectives included assessment of PFS and overall survival (OS), as well as characterization of toxic effects.
Responses were determined by RECIST criteria with an intention-to-treat analysis. PFS was defined as the time between study enrollment and progression of disease or death while on protocol. In the analysis of PFS, patients who withdrew from the study for reasons other than progression or death were censored at the time of discontinuation of study therapy. OS was defined as the time between study enrollment and death. Both PFS and OS were estimated by the Kaplan-Meier method.
Power calculations were based on a phase II two-stage design. The proposed regimen was to be considered worthy for further investigation if a true response rate was ‡15% and not worthy if it was £5%. A total of 35 eligible patients (defined as receiving at least one dose of therapy) were entered into the study in a two-stage design. Twenty patients were entered in the first stage; one response was required to enroll an additional 15 patients in the second stage of the study. The probability of concluding the regimen effective after accruing 35 patients was 78% if the true response rate was 15% and 9% if it was 5%.
results
patient characteristics
Between September 2005 and November 2008, 43 patients were screened for study entry. Six patients were ineligible for participation and two withdrew from the study before receiving therapy and were excluded from analysis. The remaining 35 patients received at least 1 week of study drug and are included in our toxicity and efficacy analyses. Baseline characteristics of this patient population are listed in Table 1 . The median age of the patient population was 61 years, and 89% were male. As anticipated among patients with metastatic esophageal and gastric cancers, most patients were symptomatic from their original article Annals of Oncology disease. At study baseline, the majority of patients (83%) had an ECOG performance status of zero or one, whereas 17% had a performance status of two. All patients had metastatic disease at study entry. The majority of patients (86%) had visceral, bone, or peritoneal metastases; in five patients (14%), metastatic disease was limited to abdominal lymph nodes. Most patients (71%) had two or more sites of metastatic disease. Twenty-six patients (74%) had received two prior lines of therapy, and 9 patients (26%) had received only one prior therapy. Patients received a median of 6 weeks of treatment with cetuximab (range 1-23). Three patients received treatment for <4 weeks due to decline in performance status and suspected continued progression of disease.
toxicity Treatment-related adverse events are listed in Table 2 . Overall, treatment with cetuximab was well tolerated. Across all grades of toxicity, the most commonly reported adverse events of all grades were acne-like rash (77%), fatigue (63%), anemia (49%), hypomagnesemia (40%), anorexia (40%), and nausea (40%). Grade 3 toxicity was uncommon, and no grade 4 adverse events were noted. Fatigue was the most common grade 3 treatment-related toxicity, observed in 6% of patients. No patients required dose reduction of cetuximab for treatmentrelated toxicity. One patient experienced a delay in treatment due to grade 3 acneiform skin rash but was able to continue treatment without dose modification.
treatment efficacy
The majority of patients (77%) discontinued treatment due to progressive disease documented by imaging studies carried out at or before the 2-month evaluation (Table 3) . Four patients (11%) discontinued therapy due to clinical deterioration or clinical progression of disease. One patient (3%) died due to complications from his disease while receiving treatment and one patient (3%) withdrew consent for treatment on protocol.
Treatment response was assessable in 30 of the 35 total enrolled patients (Table 4) . One patient (3%) experienced a confirmed partial response by RECIST criteria. This response occurred in a patient with a primary GE junction tumor receiving third-line treatment. The patient subsequently withdrew consent for participation after 4 months of treatment due to logistical concerns related to travel required for treatment. Two patients (6%) had stable disease at the 2-month follow-up imaging. Of these two patients with stable disease, one with a primary GE junction tumor had received two prior chemotherapy regimens and experienced stable disease for 4 months, and the second patient with a primary gastric tumor had received one prior regimen and experienced stable disease for 6 months.
Best overall percentage change in target lesion measurement from baseline was available for 30 patients (Figure 1 ). Two patients (6%) had evidence of material tumor regression (46% and 19% reduction from baseline, respectively). Among all 35 patients, the median PFS time was 1.6 months. To date, 32 patients (91%) have died, and median OS time for the entire study population was 3.1 months.
discussion
Identifying new, more effective agents for advanced gastric and esophageal cancers remains a critical challenge. We therefore evaluated the safety and efficacy of single-agent cetuximab among patients with previously treated gastric and esophageal adenocarcinomas. Among the 35 patients in the current study, cetuximab proved to be well tolerated. As anticipated, 77% of patients experienced acneiform skin rash, although few grade 3 or higher toxic effects were reported. The incidence of grade 3 or higher skin rash that we observed (3%) was lower compared with what has been observed in phase II studies of cetuximab in combination with chemotherapy in patients with advanced gastric cancer (17%-24%) [18] [19] [20] [21] . However, the incidence of skin rash of any grade that we observed was similar. This may possibly reflect synergy and increased skin toxicity with cetuximab in combination with chemotherapy. Alternatively, precise grading of the severity of skin rash can be somewhat subjective such that distinction between grades 2 and 3 may be blurred. We do not have evidence to suggest that dosing influenced the incidence of grade 3 skin rash that we observed. In studies using single-agent cetuximab for metastatic colorectal cancer at the same doses used in our study, grade 3 skin rash was observed in 5.2% and 11.8% of patients [22, 23] .
Although we did not formally assess pharmacodynamic end points, the presence of rash in the majority of patients suggests a biological effect of the drug on its intended target. Nonetheless, cetuximab as a single agent failed to demonstrate meaningful clinical activity in this patient population, with only one (3%) objective treatment response. Among all patients, median PFS and OS were 1.6 and 3.1 months, respectively. Recent clinical trials examining various cytotoxic chemotherapy regimens in previously treated patients have demonstrated response rates in the range of 10%-20%, with a PFS of 2-4 months [24, 25] . Our results are consistent with a report in abstract form of a phase II study of cetuximab in patients with metastatic esophageal adenocarcinoma conducted by the Southwest Oncology Group [26] . In their preliminary analysis of 55 assessable patients treated with cetuximab as second-line therapy, there was one confirmed partial response (2%). Median PFS was 1.8 months; the trial did not meet its primary objective of 40% PFS at 6 months.
The EGFR signal transduction pathway plays an important role in cell cycle progression, angiogenesis, metastasis, and resistance against apoptosis [8, 27] . EGFR is overexpressed in a significant proportion of esophageal and gastric cancers and is associated with poor clinical outcomes [9] [10] [11] . In a preclinical model, inactivation of EGFR with the monoclonal antibody MoAb 528 inhibited the growth of cultured human gastric cancer [17] . In another study, treatment of a human gastric carcinoma cell line with cetuximab inhibited formation of EGFR-EGFR homodimers and EGFR-human epidermal growth factor receptor 2 heterodimers and also inhibited downstream signaling molecules [28] . The growth of tumors derived from this cell line in athymic mice was also significantly inhibited by cetuximab compared with control groups. In a phase I trial with ABX-EGF, a high-affinity, fully human monoclonal antibody against EGFR, one of three patients with esophageal cancer had stable disease for 7 months [29] . These preclinical and early clinical studies suggest potential activity and provide rationale to examine inhibitors of EGFR in patients with esophageal and gastric cancers.
Therapeutic interventions to inhibit EGFR principally have involved either monoclonal antibodies, including cetuximab, that bind to the extracellular domain of the receptor, thereby preventing its activation, or low-molecular weight TKIs, such as gefitinib and erlotinib, that inhibit ATP binding within the tyrosine kinase domain of the receptor, thereby inhibiting EGFR autophosphorylation and signal transduction. Although there have been limited data on the role of EGFR monoclonal antibodies in advanced GE cancers, several studies have examined EGFR-directed TKIs in this patient population (Table 5 ). In a phase II trial of erlotinib in previously untreated GE junction and gastric adenocarcinomas, a response rate of 12% was observed [12] . All responses occurred in patients with GE junction tumors, suggesting possible regional differences in sensitivity to EGFR blockade. In phase II trials assessing singleagent gefitinib, response rates of 11% and 3% were reported in patients with advanced esophageal cancer and 1% in patients with metastatic gastric adenocarcinoma [13, 14, 31] .
Several phase II trials have examined the activity of cetuximab in combination with cytotoxic chemotherapy including 5-fluorouracil (FU), leucovorin, irinotecan (FOLFIRI), 5-FU, leucovorin, oxaliplatin (FUFOX, FOLFOX), and docetaxel plus cisplatin in untreated patients with advanced gastric or GE junction cancer [18] [19] [20] [21] . Objective response rates have varied from 40% to 65%. Compared with the historical response of the various chemotherapy regimens alone, the addition of cetuximab appears to increase response rates.
Conflicting data exist regarding the correlation between EGFR expression and response to EGFR-directed therapy in patients with esophageal and gastric cancers. In two studies of patients with gastric cancer treated with cetuximab-based chemotherapy, no association was found between EGFR expression and treatment response [19, 21] . However, a third reported that EGFR expression was an independent predictor of longer time to progression and that outcome was improved for patients with EGFR expression and low serum ligand levels of EGF and transforming growth factor-a [18] . Among patients treated with TKIs of EGFR, no correlation between EGFR expression and outcome was observed in patients with GE junction and gastric adenocarcinoma treated with erlotinib or in patients with esophageal adenocarcinoma treated with gefitinib [12, 13] . In contrast, in another study, disease control rate was significantly higher for patients with high-EGFRexpressing esophageal cancers treated with gefitinib [14] .
Somatic mutations involving the EGFR tyrosine kinase domain have been associated with tumor response to gefitinib in patients with non-small-cell lung cancer, and increased EGFR gene copy number has also been identified as a possible predictor for TKI sensitivity in non-small-cell lung cancer [32, 33] . However, the specific EGFR mutations described in lung cancer are uncommon in esophagogastric cancer. In a phase II study of patients with gastric and GE junction [12] . Similarly, EGFR mutations were not identified in a cohort of patients with esophageal cancer receiving gefitinib [14] . Although it is possible that esophageal and gastric cancers contain mutations in unexamined regions of the EGFR gene, mutations associated with response to TKIs of EGFR in lung cancer appear absent in esophageal and gastric cancers. In patients with metastatic colorectal cancer, the presence of mutations in K-ras has been associated with resistance to anti-EGFR therapy. K-ras mutations occur in 40% of patients with colorectal cancer but are rare in patients with esophagogastric cancer and therefore unlikely to explain resistance to cetuximab observed in this study [14, 18, 34] . The low response rate to cetuximab (3%) in this study regrettably rendered efforts to pursue correlative studies characterizing the molecular differences between responders and nonresponders largely untenable.
Several limitations of our study deserve comment. First, our study included patients who had received one to two lines of prior chemotherapy. As expected, we observed a high percentage of patients with advanced disease and who had received more than one prior treatment regimen. It is possible that better disease control would have been achieved with cetuximab in a population of chemotherapy-naive patients. However, among patients treated with TKIs of EGFR, similar objective response rates were observed regardless of whether patients received treatment as first-line therapy or a subsequent line of therapy (Table 5) . Moreover, in studies of patients with advanced colorectal cancer, a clear benefit for EGFR-directed monoclonal antibody therapy is apparent in heavily pretreated patient populations [23, 35] . Finally, although we included patients with one to two prior regimens, we excluded patients with an impaired performance status or those with impaired biochemical or hematologic function. Second, consistent with other studies of advanced esophagogastric cancer, our study included patients with esophageal, gastric, and GE junction adenocarcinomas [4, 5] . Although there may be heterogeneity in biology according to primary site of disease, the low response rates across all sites of tumor origin in our study suggest that a substantial benefit for single-agent cetuximab for any particular site of origin is unlikely.
In conclusion, cetuximab administered as a single agent has minimal clinical activity in patients with unresectable or metastatic esophageal or gastric adenocarcinoma. Trials examining cetuximab in combination with cytotoxic chemotherapy are ongoing and may provide further information about the role of anti-EGFR therapy in the treatment of patients with advanced esophageal and gastric adenocarcinomas. 
